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Summary

The goal of this project is to corroborate findings from a previous study concerning the delineation of
mining versus nomining sources of particulate metals in a sediment core taken from Lake Powell.
Additional sediment coresampled during the same time period at nearby sites in the San Juan River
delta were analyzed and compared to the original c@respite differences in the total depth of the
three cores, sediment layers with elemental signatures of mimmgacted tribuaries and snowmelt
runoff conditions were observed in all three cores and showed correspondence with defatitionally,
the 33 m distance between two distinct snowmaedeposited layers in one of the cores corroborates the
interpretation that the 3.4 mength of the previously analyzed core was deposited over a period of
approximately one year.

Introduction

Delineation of mining versus nemining sources gbarticulate metals®PM) in deposited sediment of

Lake PowellFrederick et al., 2(#) was accomgshedusing sediment samples frorme of three USGS
cores collected in 201MHprnewer, 201). Elemental and isotopic signatures were used to link deposited
particles in Lake Powell sediment to their suspended counterparts in upstream source tributaries.
Mining and noAmining sources corresponded to season, where particles from minipgcted
watersheds were predominantly conveyed by snowmetioff, and where particles from neimpacted
watersheds were predominantly conveyed by rainfatioff (Fredericket al., 20B). Characteristics of

the examined Lake Powell sediment core (Core 2) indicate that its 3.3 m length represented
approximately 1.5 years of sediment accumulatibrederick et al., 2). However, tis apparent short
durationrepresentedby Core 2 highlightthe need to determine whether Cores 1 and 3 corroborate the
finding in Core 2.

Theobijectives of this study werthereforeto determinewhether the defining characteristics of Core 2
were consistently represented @ores 1 and 3lhese @fining characteristics were variations with

depth insediment colorpatrticle grain size, metal concentrations normalized to aluminum, and ratios of
metal concentrationgleterminedviacold hydrochloric acid leach versus complete digestion using
hydrofluaric acid.

Methods
Field Sites

Sediment cores were collected from three sites in the San Juan River Delta of Lake Powell in August
2010 Hornewer 201 (Figurel).

SampleCollection

Three sediment coreCore 1, Core 2, and Corecd)lected in August, 20l8ad individual thicknesses
of 1.48 m, 3.37 m, and 4.6 m, respectivghprnewer 2013 The complete sampling methodology and



coring procedure are given in Hornew&0( 4 and Hart et al.A005). Various strata were subsampled

(20, 32, and 49 subsampleey Cores 1, 2, and 3, respectively) dried, digesiadotal digestion (HCI,

HNO3, HCI04, and HF at low temperature), and analyzadductively coupled plasma atomic emission
spectrometry (ICRAES)Hlornewer 2013 Additional sediment samples were ssiéctioned from the

frozen cores in Fall 2017 at the USGS laboratory in Boulder, CO (6, 19, and 15 samples from Cores 1, 2,
and 3, respectively).

Sediment Color
Sediment color was assigned based on Munsell Soil Color QHaris€ll Colorxite 2009.
TraceElements

Subsamples fromdes 1 and 3 were analyzeth methods developed in Frederick et &0(9 for the
analysis of Core 2. Cores were analyzed for elemental concensaimlCRPMS with a 10% HCI

digestion for 48 h at ZZ. Water content and bulk density of the sediment samples were determined by
weighing a known volume of sample before and after dry8egdiment elemental concentrations were
then corrected to represent the dry elemental concentration. A 10% HCI leachimgsgumed to

extract only the metal/metalloid coating on the mineral (e.g., elements that precipitate upon mixing
acidic mine waste with circumeutral river water) (extractable phase), rather than the entire mineral
matrix (total digestion).

Particle Sie

Grain size for Cores 1 and 3 veamlyzedvia Sympa Tec Lixell QICRBtain size for Core 2 had been
previously analyzedia Sympa Tec Lixell Helos/KF laser diffraction using two lenses, which captured
particle sizes 0.25 to 87:8n and 0.5 to 356:m, respectivelyTo compare the two methods employed

for grain size analysis, additional Core 2 samples were anaha€@iCPICHigure 3. QICPIC analysis
@ASEt RSR O2yaAraiaSydate KAIKSNI YSRA Théreford, Ndorke@Qid S &
FILOG2NI 2F oc >Y g & I RRiSIBseriiffractiod tNBormalizeirésiitsdb S & |
QICPIC data.

Results

The defining characteristics of Core8 &re described below in the following order: sediment color,
particle grain size, metal coantrations normalized to aluminum, and ratios of metal concentrations
determinedvia cold hydrochloric acid leach versus complete digestion using hydrofluoricTaed.
gradual increase itake depth acrosthe three sites (9m increase across BH100 mdistance)Hornewer
2014 allowedCores 1, 2, and® be compared side by side as a function of depth from the sediment
water interface(Figures 5).



Color

The dominant sediment colors @ores 1 and 3corresponded to colors observed in Corevhichwere
primarily brown and reddish browmMunsell Color 4/3and Munsell color 4/4)YFigure2). Frederick et al.
(2019 concluded that colors in Core 2 corresponded to those of particulate m@djin upstream
tributaries, and soby extensionCores 1 and 3alsocorrespond to PM in upstream tributariéy virtue of
their color.

Postdepositional or possampling color changes caused by oxidation or reduction of certain elements
(e.g. iron and manganese) may complicate the comparsiosediment colors betwee@ores 1, 2, and

3. Additionally, color vaations are subtlegreating difficulty in identifying distinguishing color layers.
Therefore, color alone is not a reliable metioc comparison between the cores

Particle size

Averaye particle size was modestly coarser (approximatelgrdbin Core 1Kigure3) relative to Cores 2
and 3 (approximately 46m). Notably, the lowetresolution optical particle size analysis utilized for all
three cores inflated size by a factor of four frarticles below approximately G@n (Figure3), such that
the smallesparticle sizevasapproximately 1Gvm as determined by laser diffractiorersus 40rm as
determined byoptical analysisWhile the apparent average grain sizes among Cof®ark irfluenced
by thisopticalartifact, the coarser nature of Core 1 is likely qualitatiaadgurateand is consistent with
its upstream locationKigure ). Theopticalartifact does not significantly affect determination of the
coarsest particle sizes.

An apparent coarse particle layer was observed at similar depth across Cores 1, 2, and 3 at 1.2 m, 1.4 m,
and 2.0 m, respectively{gure3). This apparent coarse layer consisted of fine sand, or fine sand and silt,
in Cores 2 and 3, respectively. In contrasiCore 1 it consisted of organic matterhich thereforedid

not represent sediment contribution from upstream tributariés.Core 1, thabrganicrich sample (1

05) exhibited increased metal:Al ratios for Cu, Cd, and-Rjnied), suggesting correspordce with

similarly elevated metal:Al ratios in sampl®2 above the coarse layer in Core 2.

Metal: Al Ratios

Cores 1 and 2 showed-occurringpeaksfor Cd:Al, Cu:Al, Pb:Adnd Zn:Atatiosat similar depths
(sample 105 at 1.1 m in Core 1, and sampl@2at 0.7 m in Core 2frigure4). Gorresponding peak
were not observed in Core 3 above 2 m, likdihg to low samphg frequencyCores 2 and 3 showed
peaks inNi:Alratios locatedat 2.3 m and2.6 m respectivelysamples 211 and3-06, respectively,
beyond the maximum depth of CorgRigured). Cu:Aland Zn:Apeaks were located at this depth in
Core 3, but not in Core (Figured). In Core 3, dditional ceoccurringpeaks in Cu:APb:Al, and Zn:Al
ratios were locatedetween3.6and3.8 m (samples-32 and 313), beyond the depth of Core (Eigure
4). Otherthan the abovedescribed featuregnetal:Alratioswere relatively constant witldepthin the



three cores, noting tht variations may be obscured by tlwv sampling frequencin portionsof the
cores.Metal:Al ratios were suppressed in Cores 1 and 3 relative to those in @Bigu2e4) due to
higher extractable Al concentrations in Cores 1 andi§ufe5).

Extractable Metal Concentrations

Extractable metal concentrations showed similar trendsntal: Al ratios in all three core€ores 1 and
2 showed cenccurring peaks for Cd, Cu,,Rind Zrat similar depths1.1 m and 0.7 m, respectively
(samples 1-05 and 203, respectively (Figure6). Corresponding peaks were not observed in Core 3
above 2 m, likely due to low sampling frequenalfhough modestly elevatedhlues for Cd, Cu, Pb, and
Zn were observed at 0.4 m (sampk®B).In Core 3, caccurring peakfor Cd Cu,Ni,and Zn were
obsened at 2.6 m (sample-86), below the maximum depth of Corednd this was not observed in
Core 2 despite sufficient sampling frequengig(re6). In Core 3, canccurring peak$or Cd, Cu, Pb, and
Zn were located between 3.6 and 3.8 m (sampld2 &nd 313), beyond the maximum depth of Core 2
(Figure6). In Cores 2 and 3, decreabextractable metal concentrations coincidler overlagpedwith

the coarsdayer(Figureb).

Extractable:digeste®atios

For Cores 1, 2, and 3, sediment elemental concentrations in the extractable phase were 1 to 1000 times
lower than those determined bgligestionof the matrix Figure?). In all three cores,

extractable:digested ratios were lowest for Al and Cr and higleestd and Mr{Figure?).
Extractable:digested ratios over 100 percent indigaiaor variability with subsamples and cases where

the near entirety of elemental concentration was contained on the surface coating rather than in the
sediment matrix.

Peaksdn extractable:digested ratios for nearly all metals were obsemétbre 2(sample 208 at 1.8 m)
andCore 3 (sample-86 at 2.6 m)Figure?). In both cores, these increaseere preceded by low
extractable:digested ratios (sample€Z, 304, and 305) that coincided or overlapped with coarser
particle sizeKigures3 and7). No cleartrends with depthfor extractable:digested ratios were observed
in Core 1, likely due to short core lendfigure?).

Discussion

Frederick et al.A019 linkedelevatedCd, CuZn and Plxoncentrationsand their respective metal:Al
ratiosin Animas RivelPM to mining activities using Pb isotopescilirsionsof these elemetal
concentrations and ratios the Lake Powelediment recordvere concluded to refled®M from mining
impacted tributaries, conveyed primariya snowmelt runoff from higher elevation mined watershed
areas The upper portion of Core 2 corresponded to snowntgtived miningsourced PM underlain by



a coarse layer corresponding to rairfdérived norrminingsourced PMThe fact that no additional
snowmeltderived layemwas observed l& to the conclusion that Core 2 represented approximately one
year of deposition. The relatively short length of Core 1 limits interpretation, but it appears to
correspond to snowmeltlerived PM, based on its signature corresponding to mining impacted
tributaries Figures4 and §.

In contrast to Cores 1 and 2, Core 3 shows two periods (at 0.4 m and 3.7 m depth) of sndenwel
PM based on elevated elementdncentrations and ratiod~{gures 4 and §. The 34 m of Core 3hat
lies between the midpoints of the two snowmelt peridisely represens approximately one yeaof
sediment accumulationin agreement with the interpretation biyrederick et al.2019) that the 3.4 m
length ofCore 2 represemid approximately one year afediment accumulation.

The0.5 m depth difference between the corresponding coarse grain layers in Cores 2 and 3 is
insignificantrelative tothe large distancé1000 m)between corim sites (Figurel), especially given that
the zone of deposition shifts from year to year in the San Juan River debaastcorrespondencef
layers across these distanamsy not be expected.

Conclusiors

9 Elevated valuesf Cd, Cu, Pkand Zrand ther respective metal:Al ratigseflectingPM
conveyedvia 2010 snowmelt runoff from higher elevation mined watershed areas, occurred at
correspondinglepths in all three Lake Powell sediment cores.
1 In Core 3, a second layer reflecting PM from mining impacted tributaries was likely deposited
during 2009 snowmelt runoff. This layer was observed below the total depth of Cores 1 and 2.
9 The 33 m of Core 3 that lies between the midpoints of the two snasiinperiods likely
represents approximately one year of sediment accumulaton;oboratingthe interpretation
by Frederick et al2019 that the 3.4 m length of Core 2 represented approximately one year of
sediment accumulation.
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Munsell Color xite. Munsell Soil Color Charts with Genuine Munsell Color Chips. (2009). Year Revised,
2009, Munsell Color 4300 44treet, Grand Rapids, M8512, USA.
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Figure 1 Map of the San Juan Watershed located in Four Corners, USA. Tributary watersheds are

outlined and labeled in black. Locations for surface water samples (black squares), USGS stream gauges
(red triangles), USGS sediment cores (black cireled)lJUSGS sediment traps (black diamonds) are

shown. USGS sediment cores were collected at USGS sites 0364200, 0382699, and 0410700, for Cores 1,
2, and 3, respectively. USGS sediment traps were collected downstream of Mexican Hat, UT at

upstream, midstreamand downstream locations.
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Figure 2:.Dominant Munsell color of sediment (Munsell Colaite 2009) and sample ID as a function of
depth from the top of the cordéor Cores 1, 2, and. 3.



Sample Color/ID and Median Grain Size (um)

0 40 80 120 160 200 0 40 80 120 160 200 0 40 80 120 160 200
o - 3 o - o - e
] ] Il 30 ]
0.5 1 0.5 0.5 1 Bl
10 101 ]
1-02 ]
1-03 A J
1 {pm 104 11 11 ]
1 1-05 ] ] | ]
] ] ] ] - 3-02 ]
15 | Il 1-06 15 15 | .
’é‘ 1 i 4
i 2 2 { @303 ]
g 1304 |
g ] 1
§2s ] 25 25 |Ms0s ]
c 1 1 Is-oe 1
£ ] 1B 307 1
s ] 1 308
2 3] 3] 3 I 309 ]
8 ] 1 3-10 ]
] 1 ] Il 311 ]
35 - 1 3.5 - 35 -
j 1 g 1 1H 312
1313
4 4 4 E 4 1
: 1 1 . 1 314
a5 . 45 4 . 45 o 1
1 1 1 1 {1l 3-15
Corel ] ] Core2 ] ] Core3
5 J 5 J 5 J ]

Figure 3:Sample color/ID and median grain size> d)a furction of depth from the top of the core (m)

for Cores 1, 2, and Blue lines denote samples analyzed via Sympa Tec Lixell Helos/KF laser diffraction,
while black lines represei@ympa Tec Lixell QICP$8aded gray boxes represent the coarse particle size
layer observed in Cores 2 and 3.
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Figure4: Sample color/ID and ratio of extractable As (gold), Cd (orange), Cu (green), Pb (light blue), Mo (dark blue), Ni (fpiplkgarseZzn
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Sample Color/ID and Extractable Aluminum Concentrations (mg,,...,/Mg..q4)
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Figure 5:Sample color/ID and extractable concentration of Al (aluminum) as a function of depth from
the top of the core (m) for Cores 1, 2, and 3.
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Figure 6:Sample color/ID andxtractableconcentration of As (gold), Cd (orange), Cu (green), Pb (ligh), Blio (dark blue), Ni (purple), Se

(pink), and Zn (dark purple) as a function of depth from the top of the core (m) for Cores 1, 2, and 3. Shaded grayrbeges tlepcoarse

particle size layer observed in Cores 2 and 3.



Figure 7:Sample color/ID and percent of metal in extractable phases relative to full digestion as a function of depth from thihéogod (m)
for Cores 1, 2, and 3. Shaded gray boxes represent the coarse particle size layer observed in Cores 2 and 3.



